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Rous sarcoma virus (RSV) mainly replicates in avian fibroblasts, and the U3 enhancer region of the long terminal repeats
of RSV contains the determinants for its tissue-tropic expression. We describe the cloning and characterization of an avian
gene that encodes a protein capable of binding to the enhancer region of Rous sarcoma virus. A PCR-derived probe
corresponding to the U3 region of RSV was used to isolate a cDNA clone by screening a chicken cDNA expression library.
The cDNA is predicted to encode a polypeptide of 298 amino acids that is homologous to the Y-box (inverted CCAAT)
family of DNA-binding transcription factors. This factor, which we refer to as Rous sarcoma virus enhancer factor-II (RSV-
EF-II), shows 99% aa identity over a 105-amino-acid stretch that is highly conserved in all Y-box proteins, and is commonly
referred to as the cold shock domain. RSV-EF-II selectively binds to single-stranded DNA, and the binding site, as determined
by electrophoretic mobility shift assays, consists of the sequence 5* GTACCACC 3 * located between nucleotides 0112 to
0119 in the noncoding strand of the RSV enhancer. Although RSV-EF-II shares considerable homology with the Y-box family
of proteins, it does not bind to the inverted CCAAT boxes at positions 065 to 069 and 0129 to 0133 in the RSV LTR.
Northern analysis indicates that RSV-EF-II-specific transcripts are expressed predominantly in avian fibroblasts and muscle
tissue. The results of these binding and mRNA expression experiments suggest that RSV-EF-II may play an important role
in tissue- and host-specific expression of RSV LTR-driven gene expression. Further, we show that RSV-EF-II acts as a
repressor of transcription. q 1996 Academic Press, Inc.
INTRODUCTION Chalkley, 1987; Karnitz et al., 1987; Goodwin, 1988; Ryden
and Beemon, 1989; Kenny and Guntaka, 1990). However,
Long terminal repeats (LTRs) of retroviruses drive ex- the results from different laboratories suggest that fac-
pression of viral genes and contribute to tissue tropism tors from various cells and tissues have been shown to
and pathogenesis (Fan, 1990; Majors, 1990). Various cis- interact with different sites in the LTR but as yet there is
acting sequences in the U3 region of the LTR have been no clear consensus as to their possible function in in
shown to enhance LTR-promoted viral gene transcrip- vivo LTR-driven transcription. We earlier identified two
tion. In Rous sarcoma virus (RSV), the region between factors, E3BP and E4BP, present mainly in avian cells,0234 and 054 of U3 has been determined to carry multi- that bind to the E3 and E4 regions, respectively (Kenny
ple enhancer motifs [reviewed in (Ruddell, 1995)]. Fine and Guntaka, 1990). Recently, we also described the
deletion analysis indicated that two sequence motifs, one cloning and characterization of an avian cellular factor
between 0201 and 0208 and the other between 0119 (RSV-EF-I) that binds to the U3 region of RSV (Kandala
and 0141, are absolutely required for maximal enhancer and Guntaka, 1994). An identical clone, Chk YB-1, has
activity (Gowda et al., 1988). The motif between 0119 been isolated by expression cloning based upon its abil-
and 0141 includes two copies of GGTGG, one of which ity to bind an enhancer region of the liver-specific, estro-
overlaps with the inverted CCAAT box located at 0126 gen-dependent avian apoVLDLII gene (Grant and Deeley,
to 0130. Both inverted CCAAT boxes at 065 to 069 and 1993).0126 to 0130 are vital to the promoter activity (Dutta et We now report the identification of a second avian
al., 1990). factor termed RSV-EF-II that also belongs to the Y-box
Host cellular factors also contribute to tissue tropism family of DNA binding proteins. It is similar to RSV-EF-I
and pathogenesis of retroviruses (Fan, 1990; Majors, and other Y-box factors in that it has near identity in
1990; Ruddell, 1995). Several nuclear factors that bind primary amino acid sequence over a 105-amino-acid
to the RSV enhancer have been identified (Sealy and stretch. However, RSV-EF-II has a number of characteris-
tics that are distinct from RSV-EF-I and other Y-box fac-
tors. Unlike the Y-box factors which bind to the reverse1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (314) 884-4536 or 882-4287. CCAAT sequence (Y-box), RSV-EF-II does not bind to this
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sequence motif. Instead it binds to an unique sequence, treated with Factor Xa, cleaving RSV-EF-II from MBP
(Nagia and Thorgersen, 1984), and subsequently purified.GTACCACC, in the noncoding strand of the RSV en-
hancer. The results described here suggest that RSV-EF- Protein concentrations were determined by the method
of Bradford using a Bio-Rad concentration kit (Bio-Rad).II may play a role in tissue-specific expression of Rous
sarcoma virus genome.
Binding studies
MATERIALS AND METHODS Single-strand oligonucleotides were end labeled as
described elsewhere (Kenny and Guntaka, 1990; KandalaCell culture
and Guntaka, 1994). Electrophoretic mobility shift assays
Chick embryo fibroblasts (SPAFAS, Inc., Preston, CT) were carried out by adding 20,000 to 50,000 cpm (0.1 to
and QT6 quail fibroblasts were maintained in M199 me- 0.25 ng) radiolabeled oligonucleotides and 10 to 330 ng
dium supplemented with 5% bovine calf serum and 1% partially purified pMal–RSV-EF-II fusion protein or factor
chicken serum. Rat 2tk0, NIH 3T3, murine A9, rat XC, and Xa-cleaved protein. The reactions were incubated at
hamster H2O cells were grown in DMEM plus 10% bo- room temperature for 30 min and then run on 6% poly-
vine serum. All tissue culture media and supplements acrylamide gel in Tris–glycine buffer (Kenny and Gun-
were either from GIBCO, Long Island, NY or from Sigma, taka, 1990). Following electrophoresis, gels were fixed
St. Louis, MO. in 10% acetic acid–methanol, dried, and exposed to X-
ray film at 0707 with an intensifying screen.
Expression cloning
Northern blotsA PCR-derived probe was prepared by the method
described elsewhere (Harline et al., 1992) using oligos Eighteen-day-old white leghorn chickens, kindly pro-
whose amplified product spans nucleotides 0234 to vided by M. Hannink, were sacrificed, and various tissues054 of the U3 region of Rous sarcoma virus Prague C were excised and snap-frozen in liquid N2 . Upon thawing,
strain. A lgt11 chick embryo fibroblast cDNA library tissues were homogenized with an electric homogenizer.
(Clontech, CA) was screened, and positive plaques Total RNA from these and tissue culture cells was iso-
were identified and isolated as described (Singh et al., lated by guanidine isothiocyanate lysis followed by CsCl
1989; Harline et al., 1992). Phage was purified by CsCl density centrifugation and stored in 70% ethanol at 0207
banding (Sambrook et al., 1989), DNA was isolated, (Sambrook et al., 1989). Total RNA (5 mg) was run on
and the gel-eluted 1.5-kb EcoRI fragment was used for 1.2% agarose–formaldehyde gels, stained with ethidium
subsequent subcloning. bromide, vacuum blotted onto 0.22 mM nylon filters (MS1,
Westboro, MA), and UV cross-linked. The 1.5-kb EcoRI
Sequencing
fragment of RSV-EF-II was 32P-labeled by primer ex-
tention, and the filters were hybridized and subsequentlyThe 1.5-kb EcoRI fragment derived from the lgt11
clone was subcloned into M13mp18 and sequenced by washed at 557 and then exposed to X-ray film at 0707.
the dideoxy termination method (Fornace et al., 1988).
TransfectionsBoth DNA strands were sequenced using a combination
of the M13 forward primer and internal 21-mer oligonu- RSV-EF-II cDNA was placed under the cytomegalovi-
cleotides. Protein and DNA sequence analysis were rus promoter in either sense (pCMV-EFII-1) or opposite
done using the Wisconsin GCG package. (pCMV-EFII-2) orientation. The details of construction of
these vectors will be described elsewhere. Plasmid
Expression in Escherichia coli and purification of RSV-
DNAs were prepared and transfected into mouse 3T3
EF-II
cells by the lipofectAMINE method following the protocol
suggested by the manufacturer (GIBCO BRL). Briefly, 6The 1.5-kb EcoRI fragment encoding RSV-EF-II was
subcloned into pMal-C2 at the EcoRI site (Guan et al., mg pCMV900 and 3 or 6 mg pCMV-EFII-1 or pCMV-EFII-
2 were mixed with 10 ml lipofectAMINE and 300 ml1987) (New England Biolabs, Boston). The construct
allows E. coli-promoted expression of a fusion protein DMEM–high glucose, kept at room temperature for 45
min followed by the addition of 700 ml of DMEM–highconsisting of maltose-binding protein (MBP) and RSV-
EF-II. Escherichia coli TB-1 containing the above con- glucose at the end of incubation. The cells were washed
with DMEM–high glucose and treated with the transfec-struct was induced with 1.0 mM IPTG, and the fusion
protein was purified on an amylose column by the tion mix for 5 hr at 377 in a 5% CO2 incubator. At the end
of the first transfection, the transfection mix was removedmethod of the supplier. Column fractions were analyzed
by 10% PAGE and fractions containing the fusion product, by aspiration, and the cells were washed and subjected
to a second transfection with 1 mg pATV-6D3CAT (Gowdaas determined by Coomassie blue staining, were pooled
and concentrated on Amicon C-30 filters and stored at et al., 1988) and 1 mg SV-gal (purchased from Promega,
Madison, WI). After 5 hr of second transfection, the mix0707. In other experiments, the fusion protein was
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was removed and the cells were fed with DMEM–high gels has been similarly described for other Y-box pro-
teins (Tafuri and Wolffe, 1992).glucose, containing 10% bovine calf serum and antibiot-
ics, at 377, in a CO2 incubator for 24 hr. Cells were har-
Structural comparison of RSV-EF-II to other Y-boxvested by scraping and lysed by three cycles of freeze –
factorsthawing. CAT assays were done according to Gorman
et al. (1982), with 50 mg of cell extract for 2 hr at 377
The inferred primary amino acid sequence of RSV-EF-
using [14C]chloramphenicol (ICN, Costa Mesa, CA) at 0.1
II was compared to sequences in the GenBank data base
mCi per reaction. b-Galactosidase assays were done as
using the computer program FASTA (Pearson and Lip-
described (Eustice et al., 1991) with 10 mg of the extract
man, 1988). The results (Fig. 2) show that RSV-EF-II is
for 30 min.
closely related to other members of the CCAAT/Y-box
family of eukaryotic factors as well as to the bacterial
Nucleotide sequence Accession No.
cold shock proteins (Fig. 1, open box). Depicted are the
10 sequences most closely related to RSV-EF-II and aSequence data from this article have been deposited
consensus based upon the most frequent amino acid atwith the GenBank/EMBL data libraries under Accession
each position following optimal overall alignment (Fig.No. U23162.
2). Several features previously identified in this protein
family are apparent in RSV-EF-II. The most highly con-RESULTS
served region among Y-box family of proteins is the cold
Cloning of RSV-EF-II shock domain (CSD), so called because it shares exten-
sive homology to bacterial cold shock proteins (Willimsky
The enhancer region of Rous sarcoma virus is located
et al., 1992; Wistow, 1990). Amino acids 83 to 156 in RSV-
between nucleotides 0234 and 054 in the U3 region
EF-II (domain B) are identical to the CSD. This domain
(Mitsialis et al., 1983; Luciw et al., 1983; Laimins et al.,
is believed to have both double- and single-strand se-
1984; Cullen et al., 1985a; Norton and Coffin, 1987). Sub-
quence-specific DNA-binding properties.
sequent studies have identified three cis elements within
Immediately adjacent to the highly conserved domain
this region (0201 to 0208, 0119 to 0141, and 065 to
B is a less-conserved domain C, which still exhibits sig-069) that are required for maximal levels of transcription
nificant homology among all Y-box proteins, but not to
from the LTR (Gowda et al., 1988; Gruel et al., 1990;
the bacterial cold shock proteins. The salient feature of
Dutta et al., 1990). At least four nuclear factors have been
domain C is the presence of alternating clusters of basic
described which bind to the enhancer region [reviewed
and acid residues thought to function in protein multimer-
in (Ruddell, 1995)]. In order to understand the roles of
ization and protein:protein interactions (Tafuri and Wolffe,
these proteins in tissue tropism, etc., we have under-
1992). RSV-EF-II appears to be more closely related at
taken the characterization of these host factors which
the carboxyl end to human DbpA (part of domain C) than
interact with the Rous sarcoma virus LTR. Because RSV
to other Y-box proteins. As in other Y-box proteins, the
is known to be highly expressed in chick embryo fibro-
tail domain consists of alternating clusters of basic or
blasts (CEF), and hence the major source of cellular fac-
acidic amino acids (Wolffe, 1994). A stretch of 72 aa in
tors, we utilized a cDNA expression library derived from
domain C found in other Y-box proteins is missing in
a 10-day-old chick embryo RNA (Clonetech).
RSV-EF-II (Fig. 2, domain C). All Y-box proteins, including
Using an improved method for identifying DNA-binding
RSV-EF-II, display a high degree of sequence variability
clones from a cDNA expression library, we have isolated
at their NH2 termini (Fig. 2, domain A).three distinct clones which encode RSV LTR-binding pro-
teins. One of the clones, RSV-EF-I, has been previously Binding studies of RSV-EF-II
described (Kandala and Guntaka, 1994). The sequence
of the second cDNA clone, RSV-EF-II, is depicted in Fig. The fact that the cDNA of RSV-EF-II was obtained using
a probe specific for the U3 region of RSV LTR indicated1. The 1459-nt sequence contains a single open reading
frame encoding a polypeptide of 298 amino acids (aa). that its binding site was within this region. To accurately
define the specific binding site(s) for RSV-EF-II, we car-The putative initiation codon, methionine, is at nt 25 and
the termination codon at nt 920. Also apparent is a canon- ried out electrophoretic mobility shift assays (EMSAs)
first with a PCR probe and then with specific oligonucleo-ical polyadenylation signal located 14 nt upstream of the
3 * end of the cDNA, the presumed polyadenylation site. tides spanning the entire region. Our preliminary analysis
with the 32P-end-filled 246-bp enhancer fragment of RSVPrimer extension analysis indicated that less than 60 to
70 nucleotides at the 5* end are missing in the cDNA. LTR (0299 to 054) indicated that RSV-EF-II bound poorly
to this double-stranded DNA, whereas it bound avidly toThe calculated molecular weight of the gene product is
33 kDa which is significantly smaller than the apparent the denatured DNA. A maximum of about 50% of the
labeled denatured DNA was converted into the boundsize (38 kDa) of the protein expressed in E. coli (data not
shown). This phenomenon of anomalous migration in fraction, even at higher protein to DNA ratios, suggesting
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FIG. 1. Nucleotide and deduced amino acid sequences of RSV-EF-II. Included are EcoRI linkers used in construction of the cDNA library. The
1471-nt sequence contains a single open reading frame encoding a 298-aa peptide. Single-letter designations are used for amino acids and given
under the first nucleotide of each codon. Cold shock domain (CSD) is underlined. In-frame deletion is indicated by a thick line.
that probably the factor binds to only one of the two to E2A, E2, E5, or E3 was observed although it bound
significantly to both (/) and (0) strands of E3-1 (data notstrands (data not shown). This presumption was con-
firmed by EMSA analysis using strand-specific probes. shown). The precise sequence motif in these oligonucleo-
tides to which the factor binds has not yet been determinedOligonucleotides E2 and CAT-1C (Fig. 3) were labeled
using [g-32P]ATP and T4 polynucleotide kinase (E2 to and will be the subject of future investigation. The Y-box
proteins were initially identified on the basis of their inter-label the positive strand and CAT-1C to label the negative
strand) and used in the PCR. The products were dena- action with DNA containing the reverse CCAAT (ATTGG)
box (Didier et al., 1988). Since RSV-EF-II belongs to thetured by boiling and incubated with RSV-EF-II. The results
(Fig. 4A) indicate that RSV-EF-II selectively and preferen- family of Y-box proteins, we have examined the binding of
the factor to the Y-box-containing oligonucleotides (E1 andtially bound to the negative strand (lanes 9 to 14). Only at
much higher protein/DNA ratios did it bind to the positive CAT) including the consensus Y-box oligonucleotide. EM-
SAs indicate that no binding was observed with either (/)strand (lanes 2 to 7). Note that binding to the (0) strand
is not only stronger but also appears to be cooperative or (0) CAT oligonucleotides or Y-box oligonucleotides (Fig.
5). However, a significant amount of binding of RSV-EF-IIas at higher concentrations a second slow migrating
complex is present (Fig. 4A, lanes 11 to 14). Further anal- was observed with E1 oligonucleotide which contained the
reverse CCAAT (0 strand) but not the positive-strand E1ysis by DNase I footprinting indicated that at lower pro-
tein to DNA ratios RSV-EF-II bound specifically to the oligonucleotide, which contains the ATTGG sequence (Fig.
5, top). The results indicate that the factor does not bindsequence between 0112 and 0121 of the noncoding
strand (data not shown). efficiently to the Y-box motif (Fig. 5, bottom). The interaction
of the factor with the negative-strand E1 oligonucleotideHaving identified the strand and the putative sequence
(0112 to 0121) with which RSV-EF-II interacts, we set could be due to the presence of CCAAT or some other
sequence. Since other CCAAT-containing sequences failout to identify the exact sequence motif(s) involved in this
interaction. Single-strand oligonucleotides (Fig. 3, solid to interact with the factor, however, we surmise that the
sequence CCACC, which overlaps with the CCAAT box,boxes, corresponding sequences are also given) were ki-
nased and used as probes in the EMSAs. Of all the oligo- is likely to be the recognition sequence for RSV-EF-II. The
evidence presented below supports this notion.nucleotides examined, maximum binding was observed
with the negative strand of E4 region (Fig. 4B). No binding In order to further define the RSV-EF-II-binding se-
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FIG. 2. Comparison of RSV-EF-II protein sequence to other Y-box family proteins. The amino acid sequence of RSV-EF-II was used to search the
GenBank data base for homologous peptides using the FASTA program with Wisconsin GCG package version 7.2. Shown are the 10 most related
sequences with alignment. Uppercase single-letter amino acid designation indicates identity to a consensus, lowercase indicates nonidentity, and
dots represent gaps following alignment. The consensus sequence was derived from the most commonly (2) represented residue for each position.
The sequences have been arranged into domains A,B, and C as per previous studies (Grant and Deeley, 1993). Swiss-Prot protein data base
Accession Nos. for each sequence are E. coli CSP (P15277), S. clavuligerus CSP (Q01761), Xenopus YB-2 (P21574), rat CCAAT binding factor
(P22568), murine CCAAT binding factor (P27817), human CCAAT binding factor (P16990), human YB-1 (P16991), Xenopus YB-1 (P21573), Xenopus
YB-3 (Q00436), RSV-EF-I/chkYB-1 (L20500/L13032), RSV-EF-II (U23162), human Dbpa (P16989). The highly conserved cold shock domain in all Y-
box proteins is boxed. The solid box within the CSD refers to the RNA-binding domain (Wolffe, 1994).
quence, we have synthesized overlapping oligonucleo- faster in the gels (lanes 5 and 6 in each panel). This is
not unexpected because the molecular weight of thetides as well as oligonucleotides with base changes. As
mentioned above, both oligonucleotides, CAT and Y-box, RSV-EF-II is only 38 kDa compared to the size of the
fusion protein which is 80 kDa (compare lanes 1 to 3which contain the inverted CCAAT box, did not interact
at all with the factor (Fig. 5). The longer oligonucleotide, with 5 and 6 in each panel). The only sequence that is
common to E1, E4, and E4DC is CCACC and since theE4/E1, bound extremely well (Fig. 6, lanes 2 to 6, panel
E4/E1) similar to E4 (panel E4) and E4DC (panel E4DC). factor binds poorly to E1 compared to E4 and E4DC (Fig.
6), we conclude that probably the adjacent sequence ATNo binding was evident with E4-1 (panel E4-1). It should
be pointed out that cleavage of the MBP–RSV-EF-II fu- or ATG in E4 is most likely involved in the interaction.
This assumption was confirmed by using mutant oligonu-sion protein with factor Xa made the complex migrate
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FIG. 3. Sequence of Rous sarcoma virus LTR and various oligonucleotides used in this study. The sequences of oligonucleotides used for EMSAs
and their corresponding locations in the U3 region are indicated by boxes. Note that both E1 and CAT oligonucleotides contain an inverted CCAAT
box. Also shown is a schematic depiction of PCR primers used to create the probe used for expression cloning of RSV-EF-II.
cleotides (Figs. 7A and 7B). Altering either CCACCATG responsible for E4 and E3 binding. It is also noteworthy
that RSV-EF-II, like RSV-EF-I, shows very little bindingto CTAGCATG (Fig. 7A, E4-C-AM2, lanes 6–10) or CCA-
CCATG to CCACCGCG (E4C-AM-3) eliminated binding to the inverted CCAAT box, in contrast to other Y-box
factors.to RSV-EF-II. Alteration of the nucleotide G to A (oligonu-
cleotide E4-C2) and T to A (E4-C3) eliminated binding by
Tissue-specific expression of RSV-EF-IIapproximately more than 95 and 75%, whereas alteration
of both CC to TT (E4-C4) completely abolished binding
Our laboratory has previously identified RSV LTR-bind-
(Fig. 7B). These results conclusively identify this octamer
ing factors in a variety of tissue culture cell lines and
to be the major recognition sequence for RSV-EF-II and
avian tissues. The Rous sarcoma virus LTR is most effi-
suggest that residues G and T at position 011 and 0112
cient in avian cells. To determine tissue distribution of
are also absolutely required for maximal binding. Earlier
RSV-EF-II, Northern analysis was carried out. We found
we showed that a factor from QT6 cell nuclear extracts
that RSV-EF-II-specific transcripts were found to be ex-
binds to the E4 oligonucleotide (Kenny and Guntaka,
pressed mainly in avian muscle tissue. Very low levels
1990). Whether RSV-EF-II is the same factor present in
were expressed in kidney and brain but not in spleen
nuclear extracts has to be determined.
and liver (Fig. 8). We also examined a variety of cultured
In the other Y-box proteins, the CSD (Fig. 2) has been
fibroblast cell lines for RNA expression (Fig. 8). The re-
shown to be the DNA-binding domain. In order to identify
sults show that the RSV-EF-II-specific transcripts are de-
the DNA-binding domain in RSV-EF-II, an in-frame dele-
tectable in CEF (chicken embryo) and QT6 (quail) but not
tion of amino acids 158 to 222 (underlined with solid line
other mammalian fibroblasts such as NIH 3T3 and A9
in Fig. 1) was made and the deleted protein was used
(mouse), 2tk0 and XC (rat), or H20 (hamster). Taken to-
in EMSAs. The results (Fig. 4, lane 15 and Fig. 7, lane 5)
gether, the results of species- and tissue-specific expres-
indicate that the binding domain in RSV-EF-II extends
sion indicate that RSV-EF-II is expressed primarily in
beyond the CSD. Further mutation analysis of both the
avian fibroblasts and muscle tissue, paralleling earlier
CSD and the adjacent regions is required to identify pre-
observations on the tissue specificity of RSV. The fact
cisely the DNA-binding domain of RSV-EF-II.
that the expression of RSV-EF-II parallels that of RSV
Our earlier work concluded that the carboxyl portion
tropism suggests that RSV-EF-II may play a direct role
of RSV-EF-I was responsible for the binding to an E2A
in the host- and tissue-specific expression of RSV.
oligonucleotide (Kandala and Guntaka, 1994), an activity
not observed for RSV-EF-II. Since RSV-EF-II and RSV-EF- RSV-EF-II acts as a repressor in mouse 3T3 cells
I differ in the carboxyl portion in primary amino acid
sequence, the previous conclusion is supported. Since In order to assess the role of RSV-EF-II on RSV LTR,
both factors exhibit E4 and E3-1 binding as well as exten- the cDNA encoding the factor was placed under the cyto-
sive homology in the near consensus 105-aa portion de- megalovirus promoter in both sense and antisense orien-
tations and transfected into mouse 3T3 cells and thenscribed earlier, it may be speculated that this region is
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that in 3T3 cells RSV-EF-II acts as a repressor. In support
of this we have recently found that in HeLa cell nuclear
extracts, RSV-EF-II repressed transcriptional activity from
RSV-LTR in a concentration-dependent manner and that
this repression could be relieved by phosphorylation of
the factor by protein kinase A (S. K. Swamynathan and
R. V. Guntaka, unpublished data). Experiments to deter-
mine the sequences involved in this repression are in
progress.
DISCUSSION
In Rous sarcoma virus-infected permissive avian cells
as much as 10% of the total poly(A) RNA is virus-specific
(Varmus and Swanstrom, 1985). Several lines of evidence
indicate that the strong promoter–enhancer sequences
in the U3 region of RSV LTR are selectively and preferen-
tially utilized by specific factors in promoting viral gene
transcription. Although at least four or five different fac-
FIG. 4. Electrophoretic mobility shift assays with purified RSV-EF-II
and the U3 region of RSV LTR. (A) The E2 and CAT-1C oligonucleotides
(Fig. 3) were end labeled and used in PCR with cold CAT-1C or E2 as
the other primer. E2 specifically labeled the (/) or coding strand,
whereas CAT-1C labeling marks the (0) or noncoding strand. The
product was denatured by boiling and incubated with RSV-EF-II–MBP
fusion protein which ranged from 4 ng (lanes 2 and 9) to 330 ng (lanes
7 and 14) in 3-fold increments. Lanes 1 and 8 contain no protein,
whereas lane 15 contained 2000 ng of RSV-EF-II D 156–220 (marked
with a solid line in Fig. 1). Note that some binding to the coding strand
occurred (lanes 6 and 7) but only at 10- to 20-fold higher protein concen-
tration. (B) Coding-strand oligonucleotide (E4) or the complementary
noncoding oligonucleotide (E4C) was incubated with RSV-EF-II and
analyzed as above. Note binding only to E4C (lanes 11 to 14) and not
to the coding strand.
challenged with two different plasmids—one containing
the CAT reporter gene, driven to expression by RSV LTR
(Gowda et al., 1988), and the other, SV-gal, as an internal
control to monitor transfection efficiency, as described
under Materials and Methods. The results of the actual
CAT activity and quantitative data are shown in Fig. 9.
RSV-EF-II only in the sense orientation reduced the CAT
activity in a concentration-dependent manner (Fig. 9,
FIG. 5. EMSAs with inverted CCAAT box-containing oligonucleotides.lanes marked 2 and 3). Quantitation indicated that at 6
Single-stranded coding or noncoding oligonucleotides were incubatedmg of RSV-EF-II DNA more than 55 to 60% inhibition was
with RSV-EF-II ranging from 12 (lane 2) to 330 ng (lanes marked 7). Y-observed, whereas in the antisense orientation, the DNA
box refers to the consensus Y-box sequence (Wolfe, 1994). Note the
has no effect. On the other hand, the amount of b-galac- absence of any binding to the Y-box sequences with the exception of
tosidase activity is uniformly the same in all the treat- E1C. As shown in Figs. 4 and 6, this is due to the presence of TACCACC
rather than the CCAAT box.ments (data not shown). From these results we conclude
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FIG. 6. Localization of the RSV-EF-II binding motif. The oligonucleo-
tides, whose sequences are given at the bottom, were end labeled and
incubated with increasing amounts (threefold) of partially purified RSV-
EF-II–MBP fusion protein (lanes 2 to 4 in each panel) or factor Xa-
cleaved protein (lanes 5 and 6 in each panel). E4/E1 refers to the
noncoding-strand sequence corresponding to the entire sequence from
095 to 0149, which includes both E4 and E1 oligonucleotides. Note
complete absence of binding to E4-1 compared to E4. The putative
binding sequence is underlined. FIG. 8. Northern analysis of RNA. RNAs were isolated from various
cell lines or tissues, run on 1.2% formaldehyde–agarose gels, blotted,
and hybridized with the 1.5-kb RSV-EF-II cDNA fragment radiolabeled
tors have been identified, purification of these factors by the random primer method. (A) CK, chick embryo fibroblasts; QT,
has remained elusive. The main purpose of this study quail tumor cell line; rat Sp and Li, respectively, are spleen and liver
was to identify and clone host factors that specifically tissues. Hep, rat hepatoma cell line; rat (TK, XC); mouse 3T3 and A9;
and hamster sarcoma H2O cell lines were also included. (B) RNAsinteract with the various transcriptional regulatory se-
from tissues from 18-day-old chickens.quences of Rous sarcoma virus enhancer. In this report,
we describe the sequence and binding properties of the
factor RSV-EF-II. CCAAT) family of proteins. Like other Y-box proteins,
RSV-EF-II has the characteristic ‘‘cold shock domain.’’
Characteristics of RSV-EF-II
This 70-aa region is so named because of its remarkable
degree of sequence conservation among prokaryotesThe primary amino acid sequence of RSV-EF-II indi-
cates that it clearly belongs to the Y-box (inverted (Av-Gay et al., 1992; Tanabe et al., 1992) and because it
FIG. 7. Confirmation of the RSV-EF-II-binding sequence by mutational analysis. (A) Two nucleotides (underlined) were altered in each oligonucleo-
tide. These mutant oligos, whose sequences are shown, were incubated with increased amounts (threefold) of cleaved RSF-EF-II and analyzed on
nondenaturing gels. Binding to wild-type E4 oligonucleotide was shown in lanes 2, 3, and 4, whereas mutant oligonucleotides were used in 7, 8,
and 9 (E4-C AM-2) or 12, 13, and 14 (E4-C-AM-3). Lanes 1, 6, and 11 contain no protein and lanes 5, 10, and 15 contain 2000 ng of RSV-EF-II D
158-222. (B) Oligonucleotides with single base changes were synthesized and used in EMSAs. The coordinates of E4-C1 are from 0103 to 0123
instead of 098 to 0121 for E4-C. The binding to both E4-C and E4-C1 are comparable. Lanes 1 to 3 represent E4-C1; lanes 4 to 7, E4-C2; lanes
8 to 11, E4-C3; and lanes 12 to 15, E4-C4. Lanes 1, 4, 8, and 12 are without any protein. The protein was used in increased amounts (threefold) in
all except the control E4-C1 where only two concentrations of the protein were used. For example, the amount of protein used in lane 3 for E4-C1
is same as that used in lanes 7, 11, and 15 for mutants E4-C2, E4-C3, and E4-C3, respectively.
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is rapidly induced by cold shock and is involved in regula-
tion of the cold shock regulon. Mutational analysis of the
CSD identified this domain to be responsible for se-
quence-specific DNA binding (Tafuri and Wolffe, 1992).
Further analysis revealed that another octamer domain
within the 70-aa CSD is also present in all the members
of the Y-box family of proteins. This octamer domain,
referred to as RNP-1, is present in a number of unrelated
RNA-binding proteins (Landsman, 1992). Deletion of this
consensus sequence appears to eliminate single- but not
double-strand DNA-binding activity (Kolluri et al., 1992).
However, in our experiments, we have observed that
deletion of amino acids from 158 to 222 abolished DNA FIG. 9. Evidence that RSV-EF-II represses transcription from LTR.
binding, suggesting that the sequence-specific single- NIH 3T3 cells were transfected with various plasmids (as shown) and
assayed for CAT activity as described under Materials and Methods.strand DNA-binding domain in RSV-EF-II extends beyond
Each spot (left) was scraped and counted in a scintillation counter andthe CSD (see Figs. 1 and 2). Further experiments with
the relative activity is shown on the right. Four independent experimentsdeletions in the CSD are required in order to identify the were done and the average of these experiments is given. Cotransfec-
relative efficiency and sequence-specificity of each of tion with SV-gal plasmid indicated that transfection efficiencies among
these domains. various treatments are comparable. Note that RSV-EF-II represses LTR-
promoted transcription in the sense orientation but not in the antisenseThe precise function of Y-box proteins in general is
orientation (compare lane 3 with lane 5).poorly understood. Y-box proteins recognize specific
DNA sequences and regulate transcription (Wolffe,
1994). These proteins have been shown to interact with interactions (Kolluri et al., 1992). At least two such sites
sequences other than inverted CCAAT as well as to sin- also exist in RSV-EF-II.
gle-stranded DNA and RNA. Several CCAAT-binding pro-
teins have been isolated from eukaryotic cells. Y-box DNA binding properties of RSV-EF-II
proteins contain more than one subunit and both appear
to be required for specific interaction and activation of Several groups have demonstrated the importance of
the sequence between the SphI site at 0139 and thetranscription. One of the best-characterized Y-box pro-
teins, NF-Y, which binds to the major histocompatibility PvuI site at 0109 for full activity of the RSV enhancer
(Cullen et al., 1985b; Norton and Coffin, 1987; Gowda etcomplex I-Ab gene promoter, is composed of two sub-
units (Celada and Maki, 1990). Two other binding pro- al., 1988). Cullen et al. (1985b) showed that deletion of
the sequence between0139 and0109 reduced the tran-teins, dbpA and dbpB, interact with the enhancer of EGF
receptor gene via inverted CCAAT box (Sakura et al., scriptional activity by more than 80%. However, four base-
pair insertions at either the SphI site (0139) or the PvuI1988; Kolluri et al., 1992). Recently it has been shown
that dbpA and dbpB, although they do not bind to the I- site (0109) decreased the activity only marginally, again
reinforcing the importance of the sequence from 0139Ab promoter, effectively repressed l-Ab gene expression
by forming heterodimers with NF-Y subunits (Lloberas et to 0109. Our own work demonstrated the importance of
the nucleotides around 0119 for maximal activity of RSVal., 1995). We have observed that nuclear extracts from
chicken fibroblasts bind to the GTACCACC sequence (Gowda et al., 1988). The sequence encompassing nucle-
otide 0119 includes GTACCACC, suggesting this motifand the complex appears to be much larger than the
cloned RSV-EF-II, suggesting interaction of RSV-EF-II serves an essential function. The requirement of the re-
gion containing this sequence motif for optimal RSV genewith at least one other protein (S. K. Swamynathan and
R. V. Guntaka, unpublished data). Further experiments transcription has been well documented in a number of
previous studies (Gowda et al., 1988; Gruel et al., 1990;are required to identify the protein that interacts with
RSV-EF-II. It has been suggested that Y-box proteins both Boulden and Sealy, 1990). As demonstrated here, RSV-
EF-II binds to this sequence. Two copies of the sequencepositively and negatively regulate transcription of various
genes (Didier et al., 1988; Ozer et al., 1990), and also ACCACC are contained within this region of the en-
hancer and the results presented here conclusively proveregulate translation by sequestering mRNA (Crawford
and Richter, 1987; Murray et al., 1991). These varied func- that RSV-EF-II binds more strongly to the sequence GTA-
CCACC than to CCACC (Fig. 6). Interestingly, the U3 re-tions are not mutually exclusive and could be carried out
by different domains, and are perhaps dependent upon gion of endogenous viruses ev-1, ev-2, and ev-3, which
lack enhancer activity, is quite similar from0234 to0141cell type and/or the physiological state of the cell. The
tail domain of Y-box proteins contains phosphorylation but missing a large stretch of the sequence in the region
from 0141 to 0111, including the TACCACC motif (Con-sites for casein kinase II and the phosphorylation of this
domain may be involved in the control of protein:protein klin, 1991). As indicated under Results, RSV-EF-II also
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binds both sense and antisense E3-1 oligonucleotide. represses transcription from RSV LTR in HeLa cell nu-
clear extracts and that this repression is relieved bySince this sequence is different from GTACCACC octa-
nucleotide, this would suggest that this factor binds to phosphorylation (S. K. Swamynathan and R. V. Guntaka,
unpublished results). These results suggest that the ef-another sequence(s), the nature of which and its role in
promotion of transcription have to be determined. fect of RSV-EF-II on transcription depends on the status
of modification of this factor and on the host cell. Experi-The significance of binding to the sequence GTA-
CCACC in the noncoding strand is not obvious. Deoxyri- ments to understand the mechanism of repression or
activation are in progress.bonuclease I-hypersensitive sites, which are about 200
to 400 bp long and located upstream of the transcription
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